The biosynthesis of starch is a complex process that depends on the regulatory mechanisms of different functional enzymes, and transcriptional regulation plays an important role in this process. Brittle 1, encoded by BT1, is a transporter of adenosine diphosphate-glucose, which plays an important role in the biosynthesis of starch in the endosperm of cereals. Here, we report that the promoter (pZmBT1) of the maize BT1 homolog, ZmBT1, contains an MBSI site (TAACTG), which is important for its activity. Moreover, high expression level of the gene for ZmMYB14 transcription factor was observed in the maize endosperm; its expression pattern was similar to those of the starch synthesis-related genes in maize seeds. ZmMYB14 is a typical 2R-MYB transcription factor localized in the nucleus and possessed transcriptional activation activity. ZmMYB14 could bind to the region of pZmBT1 from À280 to À151 bp and promote its activity through the TAACTG site. It was also observed to promote the activity of pZmSh2, pZmBt2, pZmGBSSI, pZmSSI, and pZmSBE1 in the maize endosperm in transient gene overexpression assays. Furthermore, ZmMYB14 was also shown to bind directly to the promoters of six starchsynthesizing genes, ZmGBSSI, ZmSSI, ZmSSIIa, ZmSBE1, ZmISA1, and ZmISA2 in yeast. These findings indicate that ZmMYB14 functions as a key regulator of ZmBT1 and is closely related to the biosynthesis of starch. Our results provide crucial information related to the regulation of starch biosynthesis in maize and would be helpful in devising strategies for modulating starch production in maize endosperm.
Introduction
Starch, the most important carbohydrate resource for humans, used for food and energy, is widely distributed in plants and exists as amylose and amylopectin in the starch granules [1] . In crop plants, starch biosynthesis in heterotrophic cells and storage cells shares a series of complex and coordinated biochemical reactions catalyzed by multiple enzymes [2] . Most of the enzymes related to starch synthesis exist in a variety of isoforms and show redundant function in starch synthesis [2] [3] [4] . However, the proteins responsible for the synthesis and transport of adenosine diphosphate-glucose (ADPG) in the endosperm cells of crop plants are involved in the first step of starch biosynthesis and lack functional redundancy [5] [6] [7] .
The critical steps in starch biosynthesis in amyloplasts were identified by studying the effects of mutations on the quality and quantity of starch in cereal endosperm mutants. ADP-glucose pyrophosphorylase (AGPase) catalyses the rate-limiting step in starch biosynthesis that provides ADPG, which is the substrate for starch synthases (SSs) [8] . The Shrunken-2 and Brittle-2 genes, which encode the subunits of AGPase, were demonstrated to be important for the accumulation of starch and the starch content of the plants with mutations in these genes was observed to be significantly reduced [9] [10] [11] .
Adenosine diphosphate-glucose pyrophosphorylase was observed to be mainly localized in the cytosol. In cereal endosperm ADPG is mainly synthesized in the cytosol and needs to be imported into the plastids for starch synthesis [3] , indicating the importance of a transporter protein. The first transporter protein gene was identified in maize by Mangelsdorf in 1926 [12] and was cloned by Sullivan et al. [13] ; this transporter was suggested to be an ADPG transporter and was named Brittle1. Brittle1 encodes a protein belonging to the mitochondrial carrier family that is located in the envelope membrane of amyloplasts [14] [15] [16] . Physiological studies on maize Brittle1 mutant showed a large accumulation of ADPG in the cytosol and a drastic reduction in starch content [16, 17] . Biochemical analysis of the maize BT1 indicated that it was involved in the import of ADPG in plastids exchange for adenosine diphosphate (ADP) [5] . Moreover, the expression of ZmBT1 is restricted to the endosperm tissues during starch synthesis. The sequence analysis of ZmBT1 indicates that it contains a KTGGL motif that is common to the ADP-glucose-binding site present in starch synthases and bacterial glycogen synthases, and functions in the transfer of ADPG into the amyloplast stroma [5, 16] . The overexpression of ZmBT1 in rice leads to an increase in ADPG uptake across the amyloplast membrane [18] . These results indicate that ZmBT1 is involved in the transport of ADPG into the plastids of maize endosperm and provides the substrate for starch biosynthesis in the amyloplasts of the cereal.
The starch synthesis gene has been shown to be under complex regulatory mechanism in maize [2, 19, 20] , which is similar to that observed in other cereal plants [3, 20] . Transcription factors also play important roles in the overall regulation of starch synthesis. Rice Starch Regulator1 (RSR1) and OsbZIP58 are important AP2 and bZIP family transcription factors that participate in the regulation of starch synthesis in rice endosperm [21, 22] . SUSIBA2, a WRKY transcription factor, is also important for the starch synthesis in barely and rice [23, 24] , but the transcriptional regulation of starch synthesis in maize endosperm is not well understood. ABI4 was found to bind to a CACCG motif in the promoter of ZmSSI and mediate the ABA-induced expression [25] . ZmbZIP91 was reported to be an important regulator of starch synthesis in maize endosperm [26] . All these transcriptional regulators are focused on the transcriptional regulation of functional enzyme genes. However, there are few studies on the transcription regulation of BT1 in cereal plants; an understanding of this would provide new insights into starch biosynthesis in cereal endosperm.
The MYB transcription factors are widely distributed in eukaryotes. These transcription factors are characterized by the presence of highly conserved DNA-binding domains at their amino terminal [27] . The MYB transcription factors are divided into four classes according to the number of tandem repeats present in the conserved domain; these are named as 1R-, R2R3-, 3R-, and 4R-MYB proteins [28, 29] . The first plant MYB was identified in maize and was named C1; it encodes a c-myb-like transcription factor and regulates the anthocyanin biosynthesis [30] . The R2R3-MYB subfamily members are important MYB transcription factors that were subsequently identified and characterized in numerous plants, such as Arabidopsis [31] , rice [32] , maize [33] , soybean [29] , grape [34] , Chinese cabbage [35] , and Solanum lycopersicum [36] . The R2R3-MYB proteins have been reported to be involved in a variety of biological functions like plant tissue development [37, 38] , cell cycle progression [39] , programmed cell death [40] , cellulose synthesis [41] , flavonoid biosynthetic [42] , and circadian rhythms [43] ; they also play an important role in the response of plants to various hormonal signals [44, 45] , and biotic and abiotic stress [46] [47] [48] . However, most of the functions of the MYB proteins are still unknown in maize.
This research identified the motif important for the activity of the promoter of ZmBT1 and a novel MYB transcription factor, ZmMYB14, which participates in the regulation of ZmBT1 promoter. We also evaluated of the role of ZmMYB14 in the expression of starch synthesis-related genes in maize seeds.
Results

Cloning of pZmBT1 and comparative analysis of the regulatory elements
The promoter of ZmBT1 was cloned from the maize bred line 18-599 based on the reference genome and its main regulatory elements were identified using the PlantCARE database. The cis-acting elements present in the promoters of BT1 of different monocotyledonous and dicotyledonous plants are shown in Table S2 . All these promoters contain the basic promoter elements, namely TATA-box, CAAT-box, and G-box. A number of common components were observed to be present in the different promoters; these included the AAGAA-motif, CATT-motif, CGTCA-motif, Skn-1_motif, TGACG-motif, ARE, ABRE, and MBS, etc.
Activity analysis of pZmBT1 in the maize endosperm
Particle bombardment was used to detect the activity of pZmBT1 and the site important for the promoter activity. The pZmBT1: b-glucuronidase (Gus) vector was transformed into the endosperm for Gus staining, and the pUbi: Gus and pZmBT1:Adh1: luciferase (Luc) vectors were cotransformed into the maize endosperm 10 DAP for the detection of b-glucuronidase and Luciferase activities. The results of Gus staining indicate that pZmBT1 can drive the expression of the reporter gene, b-glucuronidase, in the maize endosperm (Fig. 1B) . Moreover, the transformation of pZmBT1: Adh1:Luc and pZmBT1:Luc showed that Adh1 can significantly promote the activity of pZmBT1.
MBSI identified in pZmBT1 is closely related to the promoter activity
In this study, a series of vectors containing different pZmBT1 fragments and point mutations were constructed for the identification of the active site of the promoter. The different plasmid constructs and the results are shown in Fig. 2A . The results reveal that the activity of pZmBT1 was high when À1408 to À280 bp fragment was used; however, the activity was significantly decreased in the promoter fragments containing the regions from À280 to À151 bp and from À151 to +14 bp. The fragment from À151 to +14 bp contained the basic elements, like the TATA-box, the GC-box, of the core promoter and the missing fragment would significantly decrease the activity of The results of Gus staining after the bombardment of pZmBT1 and pUbiquitin in the maize endosperm, and the results of the Luciferase (LUC) activity upon pZmBT1 transformation in the presence or absence of Adh1. An internal reference was used to normalize the transformation efficiency. The data are given as the means AE SE of at least twelve replicates. The significance of the difference between pZmBT1and pZmBT1 with Adh1 was analyzed using a one-sided paired t-test (**P < 0.01).
pZmBT1. However, the prediction of PlantCARE revealed that there are four important types of cis-elements in the region from À280 to À151 bp (Fig. 2B) , including the CAAT-box, W-box, Sp1, and unnamed_4. Further analysis of the deletion and point mutation promoter fragments indicated that the region from À187 to À151 bp is an important site that affects the activity of pZmBT1. The relative activity of Mu1, Mu2, and Mu4 point mutations was similar to that of the fragment from À235 to À187 bp, which indicated that these three predicted motifs were not important for the activity of pZmBT1, but Mu3 (change in sequence from 'GACCAAT' to 'TCCCATGT') and Mu5 (change in sequence from 'TGACCA' to 'TCATGT') containing fragments showed significantly lower activity than that in the fragment from À235 to À187 bp, and had a similar relative activity as was observed with the missing fragment of À151 bp. These results indicate that the Mu3 and Mu5 sequences are important for the activity of pZmBT1. The predicted results indicate that Mu3 and Mu5 mainly include the W-box cis-element, and it also contains an MBSI site on the complementary sequence, TAACTG. The presence of MBSI, a typical MYB transcription factorbinding site, indicates that MYB transcription factor may participate in the regulation of ZmBT1.
Four MYB transcription factors selected as candidate genes
The analysis of the expression data was mainly based on the genome-wide atlas of transcription during maize development, which includes 60 distinct tissues representing 11 major organ systems of the inbred line B73 (GEO number GSE27004) [49] ; the accession number of the MYB transcription factor was obtained from the Plant TF database [50] . We screened four genes as the candidate MYB transcription factors (Fig. 3) . They showed higher expression in the maize seed and endosperm compared to that in the other tissues. The accession numbers for these four genes are ZmMYB73 (GRMZM2G121570), ZmMYB127 (GRMZM2G-369799), ZmMYB155 (GRMZM2G150680), and ZmMYB14 (GRMZM2G172327). However, only three MYB transcription factors, ZmMYB127, ZmMYB155, and ZmMYB14, were cloned. ZmMYB14 was first identified as the candidate gene.
ZmMYB14 cloned from maize bred line 18-599 and its primary sequence analysis ZmMYB14 was cloned from the maize inbred line 18-599 based on the B73 reference genome. The primary À187 are the reference promoter sequence, the nucleotides in bold font with underline represent the different mutations in the sequence and the bar graphs show the activity of the respective mutant promoter fragments. The data are given as the means AE SE of at least 12 replicates. The significance of the difference between pZmBT1 fragments and point mutations was analyzed using a one-sided paired t-test (**P < 0.01). (Fig. 4) indicate that the coding sequence of ZmMYB14 comprises 1158 bp and encodes a 40.934 kD protein composed of 385 amino acids. The protein sequence analysis indicated that it contained two SANT conserved domains at the amino terminus, which means that ZmMYB14 belongs to the MYB transcription factor family, a typical 2R-MYB transcription factor. Analysis of the expression profile of ZmMYB14 and starch synthesis-related genes in maize bred line Based on the expression profile, the starch synthesisrelated genes in rice can be classified into two typestype I, which show high expression in seeds, and type II, which are expressed in different tissues [22] . In maize, the starch synthesis-related genes can also be divided into two groups based on the expression profiles shown in Fig. 5 . The expression pattern was detected in the bred line 18-599 through semi-quantitative PCR and real-time PCR (Fig. 6 ). ZmMYB14 shows a high expression level in seeds; it also has transcripts in root, stem, anther, pericarp, and embryo. The starch synthesis-related gene showed different expression patterns in the tissues (Fig. 7) . Moreover, the expression patterns at different days after pollination demonstrated that ZmMYB14 showed an increasing trend of expression with the development of seed and had maximum expression during the starch graining period of seed development. The type I starch synthesis-related genes also shared high expression patterns during the starch graining period of maize seed, which demonstrated that ZmMYB14 might participate in the transcriptional control of the starch synthesis-related genes.
ZmMYB14 localizes in the nucleus and shows transcriptional activation
The typical transcription factors contain specific domains, nuclear localization signals, activation domain, DNA-binding domain, and oligomerization sites for their functioning. The activation domain determines the activity of the transcription factor. The transcriptional activation activity of ZmMYB14 was detected using the GAL4 two-hybrid yeast system. The positive transformants were first confirmed by PCR and then the transcriptional activation activity was determined in the colonies cultured on the SD/-Trp-His-Ura plates containing X-a-gal. The results of this experiment are shown in Fig. 8A . The yeast cells transformed with the pGBKT7-ZmMYB14 and pGBKT7-GAL4 constructs could degrade the substrate and turn to color blue after 3 days of growth in darkness at 28°C, demonstrating that ZmMYB14 possessed the activity of transcriptional activation.
Nuclear localization signals decide the nuclear localization of the transcription factors. We assessed the subcellular localization of ZmMYB14 in onion epidermal cells. The localization of the enhanced green fluorescent protein (eGFP) fusion proteins with ZmMYB14 is shown in Fig. 8B . The 35S driven eGFP was bombarded into the onion epidermal cells and used as a control and the eGFP protein was found to be distributed in different subcellular locations. However, the fusion protein of ZmMYB14 with eGFP was mainly distributed in the nucleus. Moreover, the results of transformation of leaf protoplasts with the plant expression vectors for producing the ZmMYB14 with eGFP fusion proteins or eGFP alone showed that, under the control of ubiquitin promoter, the expressed eGFP was distributed in all the subcellular locations, whereas the ZmMYB14 with eGFP fusion protein was mainly distributed in the nucleus, indicating that the transcription factor ZmMYB14 is localized in the nucleus (Fig. 9 ).
ZmMYB14 is important for promoting the activity of pZmBT1 through the MBSI site ZmMYB14 is a typical 2R-MYB transcription factor that contains a DNA-binding domain and an activation domain. We cotransformed the Ubi:Gus, Ubi: ZmMYB14, and pZmBT1:Adh:Luc into the endosperm, 10DAP, and determined the b-glucuronidase and Luciferase activities (Fig. 10A) . The results indicated that ZmMYB14 could promote the activity of pZmBT1 in the maize endosperm. The results of the activities of the different pZmBT1 promoter fragments and those containing specific site mutations are shown in Fig. 10B . These results indicate that ZmMYB14 can promote the activity of pZmBT1 from the À235 and Mu4 site mutations. However, upon cotransformation with the Mu3, Mu5, and À151 site-containing promoters, ZmMYB14 could not promote their activities. These data suggest that the Mu4 site mutation could not affect the transcriptional activation of pZmBT1 by ZmMYB14, but Mu3 and Mu5 site mutations affected the ZmMYB14 function.
The carriers from À280 to À151 bp and from À151 bp to the translation initiation site were constructed in pHis2. The results of the yeast one-hybrid assay are shown in Fig. 10C . The transformation of strains with different carriers resulted in different growth status in the presence of different concentrations of 3-AT. Only the strains containing À280 promoter fragments could grow normally on the selection medium containing 50 mM 3-AT. These results indicated that ZmMYB14 could directly bind to the fragment from À280 to À151 bp at the concentration of 50 mM 3-AT. However, the MBSI site mutation and defect did not affect the binding of ZmMYB14 to this fragment (Fig. 11) .
ZmMYB14 is an important regulatory factor that can affect the activities of the promoters of other starch synthesis genes
The Ubi:Gus, Ubi:ZmMYB14, and Pro:Adh1:Luc were cotransformed in the maize endosperm and the activities of b-glucuronidase and luciferase were determined. The activity of b-glucuronidase served as the internal control to normalize the transformation efficiency. The luciferase/b-glucuronidase (LUC/GUS) activity ratio was used to determine whether ZmMYB14 could activate or inhibit the promoter activity. As shown in Fig. 12 , the activity ratio of LUC/GUS (4-0 h) was different for the different promoters. However, in the presence of ZmMYB14, the ratio of LUC/GUS (4-0 h) showed an increase or decrease in the activity of the promoters. The results demonstrated that ZmMYB14 could significantly promote the activity of pZmSh2 and pZmBt2 and could markedly promote the activity of pZmGBSSI, pZmSSI, and pZmSBE1. ZmMYB14 did not have obvious effects on the activity of pZmSSIIIa, pZmISA1, and pZmISA2. However, the effects of ZmMYB14 on pZmSSIV and pZmSSIIa were not detected in the transient expression assays because of the lack of activities of their promoters.
Interaction between ZmMYB14 and the promoters of starch synthesis genes Previous research on the MYB family transcription factors in plants has shown that the MYB proteins can bind to the CNGTT(A/G), ACC(A/T)A(A/C), TTAGGG, AAAATATCT, and TATCCA motifs [51] . The promoter sequence analysis indicated that the most of the promoters of the starch synthesis-related genes contain the specific motif sequences like CNGTT(A/G), TTAGGG, and TATCCA (Fig. 13) . The predicted motifs in the promoters of the starch synthesis-related genes using PlantCARE are shown in Table S3 . The results indicate that ZmMYB14 might bind to the specific promoters of starch synthesisrelated genes in maize. Furthermore, the binding between the promoters and ZmMYB14 was further confirmed by yeast one-hybrid assay (Fig. 14) . The yeast cells coexpressing ZmMYB14 and pZmGBSSI, pZmSSI, pZmSSIIa, pZmSBE1, pZmISA1, or pZmISA2 grew normally on the selection medium, but yeast cells coexpressing ZmMYB14 and pZmSh2, pZmBt2, or pZmSSIIIa could not grow under selection. These results indicate that ZmMYB14 could bind to pZmGBSSI, pZmSSI, pZmSBE1, pZmISA1, and pZmISA2 directly in the yeast.
Discussion
The MYB transcription factors form a large family that is widely involved in controlling various processes in plants, like response to biotic and abiotic stress, development, differentiation, defense, etc. [52] . MYB transcription factors are also involved in the regulation of various secondary metabolic processes, like flavonoid biosynthesis [53, 54] , anthocyanidin biosynthesis [55, 56] , and glucosinolate biosynthesis in Arabidopsis thaliana [57] . However, there are few reports on the role of MYB transcription factors in starch biosynthesis. The analysis of transcription factor-binding sites in the promoter regions of starch synthesis-related genes in maize suggests that these promoters contain different binding sites for MYB transcription factors ( Fig. 13 and Table S3 ). Moreover, the analysis of expression data of the MYB transcription factors in maize showed that four genes, ZmMYB73, ZmMYB127, ZmMYB155, and ZmMYB14, were highly expressed in the maize endosperm. These data suggest that MYB transcription factors may be involved in the process of starch biosynthesis in maize. Promoters are important elements in the regulation of gene transcription because they contain cis-elements for the binding of transcription factors. Studies on the promoters of genes related to starch biosynthesis indicated that the cis-elements present in the promoters are active in the promoter or in the presence of specific signaling pathways. Sugar-responsive element in the barley iso1 gene could bind to SUSIBA2 [24] . The binding of ABI4 to the CACCG motif mediates the ABA-induced expression of the ZmSSI gene in maize [25] . The ACTCAT elements in the promoters of starch synthesis-related genes could bind to ZmbZIP91 and regulate gene expression [26] . Compared to the studies on the promoters of other genes, those on the BT1 gene promoter are still scarce.
However, cis-element prediction indicated that BT1gene promoter contained different trans-active factors and participate in regulatory mechanisms. The CGTCA-and TGACG-motifs are involved in methyl jasmonate (MeJA) responsiveness, the CATT and Sp1 motifs are the light-responsive elements, ABRE interacts with abscisic acid, MBS is the binding site for the MYB transcription factor and Skn-1_motif is a cis-acting regulatory element required for expression in the endosperm [58] . In the present study, a W-box containing an MBSI cis-element was identified in the promoter of ZmBT1 from À176 to À168 bp, which had a significant effect on the activity of the ZmBT1 promoter. MBSI is a typical MYB transcription factorbinding site in animals and plants [51, 59, 60] . It also The data are given as the means AE SE of at least 12 replicates. The significance of the difference between the ÀZmMYB14 and +ZmMYB14 was analyzed using a one-sided paired t-test (**P < 0.01). (C) The yeast one-hybrid analysis of interaction between ZmMYB14 and the promoter fragment from À280 bp, and À151 bp to the translation initiation site.
exists in the promoter of the BT1 gene of other crops (Table S2) , which indicates the possibility of the involvement of MYB transcription factors in the regulation of BT1 gene expression. The transient overexpression in endosperm revealed that ZmMYB14 could directly promote the expression of a fragment containing the MBSI sequence and that it had a significant effect on the activity of pZmBT1. The results of yeast one-hybrid assay showed that the ZmMYB14 could bind to the pZmBT1 fragment from À280 to À150 bp, which contained the MBSI site. However, mutation in the MBSI site did not affect the binding of ZmMYB14 to this fragment (Fig. 11) . These results indicate that MBSI site in the region from À280 to À151 bp of the ZmBT1 gene promoter are not the directly binding sites for ZmMYB14; however, they play an important role in the regulation of ZmBT1 gene expression. Therefore, the ZmMYB14 binds with the fragment from À280 to À151 bp of pZmBT1 through some other binding sites or by other mechanisms.
Starch is the most abundant storage carbohydrate in the seeds of many crops and is closely related to the yield and quality of seeds. The biosynthesis of starch is a complex process and depends on a large number of functional enzymes affected by different regulatory mechanisms [2, 20, 61] . The transcriptional regulation also plays an important role in the biosynthesis of starch and has been extensively studied. In rice and wheat, RSR1 is reported to be involved in starch biosynthesis [22, 62] . OsbZip58 could bind directly to the promoters of six starch-synthesizing genes, OsAGPL3, OsGBSSI, OsSSIIa, OsSBE1, OsBEIIb, and OsISA2, and was shown to regulate their expression [21] . Moreover, the expression of genes related to starch synthesis can be induced by different signaling molecules, especially sucrose and ABA at the transcriptional level [63, 64] . The coexpression of gene exists in many species, and is used to conduct preliminary studies on the correlation between genes [65, 66] . The coexpression of genes also exists in the process of starch biosynthesis in maize. ZmNAC36 was identified by means of coexpression analysis [67] . ZmMYB14 is mainly expressed in maize kernel and endosperm and shares the pattern of high expression during the starch graining period of seed development with the other starch synthesis-related genes as shown in Fig. 7 . ZmMYB14 also showed coexpression with starch synthesis-related genes (Table S4) and was induced by ABA, sucrose, and a combination of the two (Fig. 15) . ZmMYB14 can bind directly to the promoters of starch synthesis-related genes and promote their activity. All these results indicate that ZmMYB14 participates in the regulation of starch synthesis in maize seeds. However, ZmMYB14 possessed high expression levels until 30 days of development of maize seed. It appears that there is a difference in the expression of type I starch synthesis-related genes. Research on different Arabidopsis MYB transcription factors indicated that MYB not only plays an important role in organ development but is also involved in programmed cell death or hypersensitive cell death [40, 68, 69] . In the cereal endosperm, the process of programmed cell death is accompanied by the accumulation of starch and it also has a sophisticated regulatory mechanism [70] [71] [72] [73] . Therefore, we hypothesized that ZmMYB14 might be associated with programmed cell death in maize endosperm development.
In this study, we also found that the target sequence from À280 to À151 bp of the promoter of ZmBT1 was important for the activity of pZmBT1. There was an MBSI cis-element in this region, which could affect the activity of pZmBT1 in maize endosperm. ZmMYB14 showed high expression levels in maize seed and endosperm, and it could also be induced by sucrose and ABA. Transient overexpression of ZmMYB14 in the maize endosperm could promote the activity of the ZmBT1 gene promoter through the MBSI site, but there was no evidence of direct binding of ZmMYB14 to the MBSI motif. Moreover, ZmMYB14 could bind to pZmGBSSI, pZmSSI, Fig. 12 . Regulation of the activity of promoters of starch synthesis-related genes by ZmMYB14 transient expression assay. The related plasmids were cotransformed into the endosperm 10 days after pollination (DAP) for transient expression assays. Ubi:Gus was used as an internal control to correct for the transformation efficiency and the activity ratio of LUC/GUS between the Ubi:Gus and Pro:Adh1:Luc was used as a control that reflects the relative activity of the promoters. The experimental groups contained Ubi:Gus, Pro:Adh1:Luc, and Ubi: ZmMYB14, and their LUC/GUS activity ratios reflect whether ZmMYB14 affects the activity of the promoter. The data are given as the means AE SE of at least 12 replicates. The significance of the difference between the ÀZmMYB14 and +ZmMYB14 was analyzed using a one-sided paired t-test (*P < 0.05, **P < 0.01).
pZmSSIIa, pZmSBE1, pZmISA1, and pZmISA2 in yeast and could promote the activity of pZmBT1, pZmSh2, pZmBt2, pZmGBSSI, pZmSSI, and pZmSBE1 in the maize endosperm. The results of expression in the previous and present studies suggest that ZmMYB14 is an important regulatory factor involved in the biosynthesis of starch in maize (Fig. 16 ).
In conclusion, our results demonstrate that ZmMYB14 mediates the regulation of ZmBT1 through the MBSI cis-element, and directly binds to pZmGBSSI, pZmSSI, pZmSBE1, promoting their activity. It also indirectly affects the activity of pZmSh2 and pZmBt2. These findings indicate that ZmMYB14 functions as a key regulator of ZmBT1 and is closely related to the biosynthesis of starch.
Materials and methods
Plant materials
Maize (Zea mays L.) inbred line 18-599 was bred by the Maize Research Institute of Sichuan Agricultural University. This line shows good resistance to diseases and stress, high multiplication rates and seed production, strong recombination ability, and wide adaptability. The maize line was grown in a field under the recommended agronomic guidelines and was self-pollinated during the summer of 2014. During the spinning period, strict self-pollination was performed every afternoon. The roots, stems, and leaves were collected when maize was in the initial jointing stage of growth. The pollen and filaments were collected after the tasseling period but before the filaments had emerged from the husks. The pericarp, embryo, and endosperm were isolated from the seeds 15 days after pollination. All the samples were collected in the afternoon and were immediately frozen in liquid nitrogen and stored at À70°C until use.
Promoter isolation, gene cloning, and plasmid construction
The DNA from the maize inbred line 18-599 was isolated by the cetyl trimethylammonium bromide (CTAB) method and was stored at À20°C for subsequent use in promoter cloning. The entire ZmBT1 promoter (pZmBT1; 1644 bp), upstream of the translation initiation site, was amplified by PCR and was cloned. The primers used for PCR, the specific mutation sites in the promoter, and the corresponding fragment size of pZmBT1 is shown in Table S1 . The genomic DNA of the maize line was used as a template for cloning the other starch synthesis-related genes. All the promoter fragments were amplified using KOD DNA polymerase (Toyobo, Osaka, Japan) and subsequently cloned into pMD19-T vector (TaKaRa, Dalian, China) for sequencing. The conditions used for PCR were as follows: 80 ng genomic DNA was predenatured at 94°C for 4 min; this was followed by 32 cycles of 30 s at 94°C, 30 s at the specific melting temperature (T m ), and 30-90 s (based on the length of the sequence) at 72°C in a 20-lL reaction mixture containing 10 lL 2X PCR buffer, 0.3 lL KOD FX Neo DNA polymerase, 4 lL 2 mM dNTPs, 3.7 lL H 2 O, 1 lL template DNA, and 0.5 lL 10 pm of the forward and reverse primers.
A modified plant expression vector pBI221 was used for analysis of transient expression. The Ubiquitin promoter driven Gus expression was used an internal control to check the efficiency of microprojectile bombardmentmediated transformation. A series of nested 5 0 -deletions of pZmBT1 were amplified using the same antisense primer and different sense primers for the mutation site as shown in Table S1 . All the fragments were directly subcloned into pBI221 at PstI and BamHI sites to drive a luciferase (Luc) reporter gene according to the instructions provided with ClonExpress Ò II One
Step Cloning Kit (Vazyme, Nanjing, China). The different promoter fragments of starch synthesis-related gene were subcloned into pBI221 at PstI and BamHI sites. The 1644-bp promoter fragment was amplified using sense (ZmBT1GusF) and antisense (ZmBT1GusR) primers and was subcloned into pBI221 at PstI and BamHI sites to drive the expression of b-glucuronidase (Gus) gene for qualitative analysis.
Total RNA was isolated using TRIzol regent (Invitrogen, Carlsbad, CA, USA) from specific tissues of the maize line, according to the manufacturer's instructions. The firststrand cDNA was reverse transcribed from 1.5 lg of total RNA using PrimeScript ™ RT reagent Kit with gDNA Eraser (TaKaRa). Based on its expression profile, ZmMYB14 was cloned from maize seeds, 15 days after pollination (DAP). The gene fragments were amplified using KOD DNA polymerase (Toyobo, Osaka, Japan) and then cloned into pMD19-T (TaKaRa) vector for sequencing. The PCR conditions were similar to that used for the amplification of promoter from the genomic DNA. The conserved domain was analyzed by SMART software (http://smart.embl-heide lberg.de/). A pGBKT7 vector containing the binding domain in the GAL4 two-hybrid yeast was used to analyze the activity of ZmMYB14. ZmMYB14 was subcloned into the pGBKT7 vector after amplification with the sense (ZmMYB14BKF) and antisense (ZmMYB14BKR) primers (Table S1 ) containing NdeI and BamHI restriction sites.
The pCAMBIA2300-35S-eGFP vector was used for the subcellular localization analysis. ZmMYB14 was amplified with the primers containing BamHI and XbaI sites without the termination codon and the amplified product was then subcloned into pCAMBIA2300-35S-eGFP. The sense and antisense primers used were ZmMYB14LF and ZmMYB15LR, respectively (Table S1 ).
The yeast one-hybrid assay was used to investigate whether ZmMYB14 can bind to the pZmBT1 fragment and to other promoters of the starch synthesis-related genes. The À280 to À151 bp fragment of pZmBT1 was amplified using BT1 -280 HisF (sense) and BT1 -280 HisR (antisense) primers; the fragment from À151 bp to the translation initiation site of pZmBT1 was amplified using BT1 -151 HisF and BT1 -151 HisR primers. Both of these promoter fragments were subcloned into the pHis2 vector at EcoRI and MluI sites (Table S1 ). The promoter sequences of the starch synthesis-related genes were generated by PCR and were subcloned into the yeast expression vector pHIS2 at different restriction sites.
The ZmMYB14 coding region was amplified using ZmMYB14RecF (sense) and ZmMYB14RecR (antisense) primers with EcoRI and SacI sites, respectively (Table S1 ). The fragments were cloned into the pGADT7-Rec2 vector to generate the pGADT7-Rec2-ZmMYB14 construct that was used in the yeast one-hybrid experiments.
Prediction of cis-acting elements of BT1 gene promoter in different species
The cloned pZmBT1 sequence and the other promoters of BT1 from monocotyledonous and dicotyledonous plants were retrieved from the Gramene Database. The sequences were submitted to PlantCARE for the prediction of cis-elements.
Particle bombardment and transient expression assay
The particle bombardment experiment was performed according to the protocol described by Hu et al. [25] . Maize kernels at 10 DAP were surface-sterilized with 75% (v/v) ethanol and the endosperms were isolated from the kernels under aseptic conditions. The maize endosperm was exposed to hyperosmotic conditions for 4 h on Murashige and Skoog's (MS) medium and was then used for the bombardment. A helium biolistic gun (Bio-Rad, Hercules, CA, USA) was used to deliver the DNA coated with gold particles. The ratio of the expression vector Ubi-Gus: promoter:Luc: UbiZmMYB14 used for the bombardment analysis was 1 : 2 : 2 and 1.5 lg plasmid was used with one technical replicate. Each independent particle bombardment experiment consisted of four replicates, and every replicate contained three technical replicates. The bombarded endosperms were cultivated for 24 h for the GUS and LUC assays.
Detection of Luciferase and b-glucuronidase activities
The Gus staining liquid (1 mL) contained 750 lL of 0. X-Glu.
The maize endosperm was crushed at low temperature, and the cells were lysed to release the protein. After highspeed centrifugation at low temperature, the supernatant of endosperm cell was used to measure the activity. The Luciferase activity was measured using a Luminoskan Ascent luminometer (Thermo Fisher Scientific, Waltham, MA, USA) and Luciferase assay system (Promega, Madison, WI, USA). The activities of b-glucuronidase were measured by using 4-Methylumbelliferyl beta-D-glucuronide (MUG) as the substrate at 0 and 4 h at 37°C using Luminoskan Ascent luminometer. The excitation wavelength used was 365 nm and the emission wavelength was about 455 nm.
The activity of Ubiquitin driven b-glucuronidase served as the internal control to normalize the transformation efficiency. The Luciferase/b-glucuronidase [LUC/GUS(4 h-0 h)] activity ratio was used to determine the interaction and significance test. The averages and variability in replicates were determined by Excel 2007 and significance of the difference was analyzed using a one-sided paired t-test (*P < 0.05, **P < 0.01).
Expression analysis of MYB transcription factor and candidate gene selection
The MYB transcription factors in maize were identified from the Plant Transcription Factor Database [50] . The expression profiling of the maize MYB transcription factors was performed based on the genome-wide atlas of transcription during maize development, which included 60 distinct tissues representing 11 major organ systems of inbred line B73, GEO number GSE27004 [49] . The coexpression profiling was performed as described by Fu and Xue [22] . The starch synthesis-related genes in maize showing high expression in maize seeds were considered as the guide genes [3, 74, 75] . The Pearson correlation coefficient (PCC) between the starch synthesis-related genes and the candidate MYB genes were calculated. If the absolute value of PCC was greater than 0.80, the MYB transcription factor was considered to be associated with the guide gene.
Expression analysis of starch synthesis-related genes in the inbred line Freshly extracted RNA (1.5 lg) from different tissues was used as the template for synthesis of first-strand cDNA, which was used for semi-quantitative RT-PCR and real-time PCR. ZmMYB14QF and ZmMYB14QR were used for the semi-quantitative RT-PCR and real-time PCR analysis of ZmMYB14. The maize Actin gene was amplified with ACTINF and ACTINR primers and was used as the internal control. The primers used for the starch synthesisrelated genes are shown in Table S1 . The PCR was performed using the following conditions: cDNA was predenatured at 94°C for 4 min; this was followed by 30 cycles of 30 s at 94°C, 30 s at 59°C, and 30 s at 72°C in a 20 lL reaction mixture containing 2X Premix Taq, 8 lL H 2 O, 1 lL template, 0.5 lL of 10 pm quantitative sense (QF) and quantitative antisense (QR) primers. All the PCRs were repeated with at least three independent samples. The PCR products were fractionated on 1.5% agarose gel containing GoldView ™ and were photographed under UV light. The real-time PCR analysis was performed using the iCycler instrument, model 5.0 (Bio-Rad, Hong Kong) in a total reaction volume of 10 lL SYBR Green PCR Master Mix (TaKaRa). The Cq value was determined for use in the instrument's analysis software. The qRT-PCRs were carried out in three biological triplicates, and every replicate contained three technical replicates. The relative quantitation of gene expression was done after normalization to the expression level of actin, which was used as an internal control. The relative transcription levels were calculated by using the 2 ÀDDCq method based on the expression of maize Actin.
Analysis of the functional properties of ZmMYB14
The pGBKT7-ZmMYB14 construct was transformed into the yeast strain, AH109, to detect the activation. The transformants were screened on SD/-Trp plates and were grown for 3 days. Thereafter, monoclonal colonies were picked from the plates and propagated in 2-mL microtubes. The colonies were screened on SD/-Trp-His-Ura plates with Xa-gal and cultivated at 28°C for 3 days to test for the transcriptional activation.
The pCAMBIA2300-35S-ZmMYB14-eGFP construct was bombarded into onion epidermal cells through the helium biolistic gun transformation system (Bio-Rad), as described previously [25] , and the epidermis was incubated in Fig. 16 . Regulatory networks in which ZmMYB14 is involved. Sucrose and ABA can induce ZmMYB14 to participate in the regulation of the expression of starch synthesis-related genes. ZmMYB14 mediates the regulation of ZmBT1 through MBSI cis-element, and it also directly binds with pZmGBSSI, pZmSSI, and pZmSBE1, and promotes their activity, and indirectly affects the activity of pZmSh2 and pZmBt2.
darkness for 24 h at 28°C. The preparation of protoplasts from maize leaf and plasmid transformation by PEG conversion method were performed as described by Chen et al. [26] . The subcellular localization of eGFP fusion proteins was accomplished with a florescence microscope ECLIPSE 80i (Ilan Electronics, Guangzhou, China) under blue excitation light at 488 nm.
Yeast one-hybrid analysis of the interaction between ZmMYB14 and the promoters
The yeast one-hybrid assay was used to investigate whether ZmMYB14 binds to the promoter fragments. The yeast strain Y187 was used as the host and was transformed with the different pHIS2-promoter and pGADT 7 -Rec2-ZmMYB14 vectors; pHIS2 and pGADT 7 -Rec2 were used as the two negative controls. The interactions between DNA and proteins were detected according to the growth status of yeast cells cultured for 3 d on SD/-His/-Leu/-Trpselective medium supplemented with 50 mM 3-amino-1,2,4-triazole (3-AT).
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